Rationale: Revascularization of injured, ischemic, and regenerating organs is essential to restore organ function.
I
schemic heart disease after myocardial infarction (MI) causes irreversible cell loss and scaring and is a major cause of morbidity and mortality. 1 Revascularization of the infarct zone is the most effective therapy after acute MI, 1 although strategies have met with limited success. 2, 3 The formation of new vessels is also an essential component of regenerative approaches to heart repair. Efficient neovascularization requires redeployment of mechanisms generating the coronary vasculature during development. 4 Recent evidence suggests that the coronary vasculature is a developmental mosaic with contributions from epicardially derived cells and the sinus venosus. [5] [6] [7] The endocardium has also emerged as a major source of coronary endothelial cells in the fetal and early postnatal heart in genetic tracing experiments using Nfatc1 or Apln regulatory sequences. [7] [8] [9] However, the importance of the endocardium in the generation of new vessels in the injured adult heart is unknown.
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Here, we directly visualize coronary vascular remodeling in post-MI hearts using a Cx40-GFP allele expressed in arterial coronary endothelium 10 and identify unexpected endothelial cell plasticity on the endocardial surface of the infarct area. We present evidence that activation of arterial markers in the endocardium occurs by arteriogenesis, suggesting that the endocardium contributes to coronary vessels after MI and during development, identifying a new target to stimulate vascularization for heart repair.
Results

Endocardial Flowers: Identification of Arterial Endothelial Foci Within the Endocardium After MI
We performed permanent ligation of the left descending coronary artery in adult Cx40-GFP mice expressing a fluorescent reporter gene in coronary arterial, but not endocardial, endothelial cells. 10 An extensively remodeled network of Nonstandard Abbreviations and Acronyms MI myocardial infarction SMC smooth muscle cell Figure 1 . Identification of Cx40-GFP + endocardial flowers in post-myocardial infarction (MI) endocardium. A, Cx40-GFP expression in atrial myocardium and coronary arteries in an adult mouse heart. B-C, Three weeks after coronary artery ligation (asterisks), tortuous Cx40-GFP + coronary arteries (arrows) were observed in the infarct area (MI) connected to GFP + endocardial foci (boxes). D, Wholemount immunofluorescence with Pecam1 reveals flower-shaped foci of Cx40-GFP endocardial cells (arrows) connected to coronary stems. E, Quantification of the number of GFP + foci scored in individual hearts at different days post MI. F, Pecam1 labeling showing elongated endothelial cells within an endocardial flower compared with hexagonal cells elsewhere in the endocardium, and connecting vessels in the subendocardium (F'). The yellow box corresponds to the YZ image projection at the level of the dotted line, showing the contiguous coronary artery (arrows). Scale bar, 50 μm. a indicates atrium.
by guest on December 12, 2017 http://circres.ahajournals.org/ Downloaded from green fluorescent protein (GFP + ) vasculature was observed within the infarct area in comparison with sham-operated hearts ( Figure 1A and 1B). In particular, coronary arteries connected, via fistulae, with foci of GFP + cells within the endocardium ( Figure 1C ). These GFP + foci form flowershaped structures connected to coronary stems ( Figure 1D ), referred to here as endocardial flowers. Such structures are a previously undescribed feature of vascular remodeling post MI and were observed throughout the infarct zone but not in noninfarcted myocardium or sham-operated hearts. Timecourse analysis indicated that the incidence of GFP + foci was the highest in the 3 weeks after MI and subsequently declined ( Figure 1E ). The infarct wall was imaged using 2-photon microscopy to a depth of 300 μm to reconstruct 3D images ( Figure 1F 
Cx40-GFP + Endocardial Flowers Have an Arterial Endothelial Phenotype
The molecular properties of endocardial flowers in post-MI hearts were investigated by wholemount and histological coimmunofluorescence (Figure 2A and 2C) . Analysis of endoglin, expressed in endocardium, and VEGFR2 (vascular endothelial growth factor receptor 2), expressed in endothelial cells of capillaries but not and connecting vessels ( Figure 2F ). To further investigate the formation of endocardial arterial flowers in post-MI hearts, we performed a time-course analysis of VEGFR2, Cx40, and SMA expression patterns from days 3 to 28 after ligation. Three days after ligation, no endocardial flower was observed. However, we could detect patchy expression of VEGFR2 in endoglin + endocardial cells ( Figure 2G ). By day 7, VEGFR2 + endocardial flowers connecting with vessels can be distinguished ( Figure 2G ). Cx40-GFP expression is first observed in endocardial cells at this stage, although VEGFR2 is more broadly expressed in endocardial flowers and connecting vessels ( Figure 2F and 2G). Quantification of these results confirms that VEGFR2 expression precedes that of Cx40 during the formation of endocardial flowers ( Figure 2H ). SMA expression is detected in sparse cells at day 3, which progressively cluster adjacent to endocardial flowers from day 7 onwards (Figure 2G ). Endocardial flowers thus progressively acquire an arterial phenotype based both on endothelial gene expression and the recruitment of underlying SMCs. mice were injected with tamoxifen once a week during the 4 consecutive weeks preceding the ligation to maximize recombination ( Figure 3A ). We observed Cx40-RFP + endocardial flowers that were entirely negative for LacZ or YFP reporter genes ( Figure 3B and 3D), suggesting that these structures and their attached vessels result from arteriogenesis of cells not previously expressing Cx40. LacZ + or YFP + vessels were observed in the vicinity of these RFP-only foci indicating that the RFP + flowers did not result from incomplete Cre activity. YFP + endothelial cells were observed within a subset of RFP + endocardial flowers, suggesting that arteriogenesis also occurs by outgrowth of pre-existing coronary arteries ( Figure 3C and 3E) . These observations reveal extensive endothelial cell plasticity between endocardial and coronary arterial compartments in the infarct zone.
Genetic Tracing of the
We next quantified the extent to which Cx40 − endothelial cells contribute to post-MI arteriogenesis. RFP-only vessels were scored as a percentage of the total number of Cx40 + vessels in coronary arteries in sham hearts, as well as in coronary arteries and endocardial flowers after MI ( Figure 3F ). Twentyfive percent of coronary arteries were RFP-only in sham hearts, suggesting on-going remodeling of coronary vascular endothelium. In post-MI hearts, RFP-only coronary arteries are only marginally increased over this level (33%). Similarly, the fraction of YFP-only vessels that have lost their arterial phenotype at the time of dissection and correspond to small diameter VEGFR2 + capillaries was not significantly different between sham and post-MI hearts (16±8% versus 18±10%). In contrast, 54% of endocardial flowers were RFP-only, 
Arteriogenesis Within Post-MI Endocardium Arises by Angiogenesis of Endocardial Cells
To further investigate the mechanism by which endocardial flowers develop after MI, we looked for signs of angiogenesis. Angiogenesis initiates with the emergence of tip cells that sprout from a pre-existing endothelium.
2 VEGFR2 is an established marker of endothelial tip cells. 13 High-magnification views reveal that VEGFR2 + cells present a tip-cell phenotype with numerous cellular projections ( Figure 4A ) that are in some cases arranged into a vessel without a visible lumen ( Figure 4B) . Furthermore, at the border of Cx40 + VEGFR2 + flowers, VEGFR2 expression overlaps with endoglin expression in Cx40-GFP − cells ( Figure 4B ), consistent with an intermediate state during transdifferentiation of endocardial endothelial cells to a Cx40-GFP + arterial fate. We found that endomucin has an indistinguishable endocardial distribution to endoglin ( Figure 4C ). The organization of stable tubes depends also on the presence of pericytes; NG2 + pericytes are observed adjacent to VEGFR2 + capillaries in sham-operated myocardium and in close apposition to VEGFR2 + endocardial flowers in post-MI hearts ( Figure 4C ).
Finally, we investigated whether the switch in endothelial program at the border of the endocardial flowers was associated with an increase in cell division using the proliferative cell marker KI67 in serial sections ( Figure 4D ). Angiogenesis is associated with elevated proliferation of endothelial stalk cells. We observed that the majority of proliferating endothelial cells are endoglin + and localized at the border of endocardial flowers (red arrowhead). In addition, 45% to 70% of proliferating cells at the sites of endocardial flowers were subendocardial SMCs (cyan arrowhead). Next, we used the mitotic marker, phospho-Histone H3, and found positive cells in endomucin + and SMA + compartments ( Figure 4E ). This result emphasizes the proliferative properties of endocardial and smooth muscle cells associated with endocardial flowers.
Discussion
Endocardium has recently been shown to be a major source of endothelial cells during development of the coronary vasculature. [4] [5] [6] [7] [8] Here, we reveal unprecedented endothelial plasticity between endocardial and coronary compartments in the adult heart after MI and present evidence that a similar endocardial to coronary arterial transition occurs under pathophysiological conditions in the adult endocardium ( Figure 4F ).
Neovascularization is a critical feature in the repair of cardiac damage. However, lessons from the first clinical trials using induced angiogenesis showed that the formation of new capillaries without smooth muscle support does not improve cardiac repair.
14 Similarly, promoting arteriogenesis by collateral outgrowth to induce the formation of new vessels with supporting cells is technically challenging. 3 Using a fluorescent coronary endothelial transgene to visualize artery remodeling in post-MI hearts, we provide the first evidence for arterial endothelial patches within the continuum of the endocardium. Arterial features include Cx40 expression and the presence of adjacent SMCs. VEGF-A is determinant in arteriogenesis, 15 and Cx40 plays an important role in arteriogenesis by modulating arterial identity. 16 Arteriogenesis is triggered by mechanical forces, such as shear stress, 3 and both Cx40 gene expression and VEGF/VEGFR2 signaling are shear-stress responsive. 16, 17 Promoting arteriogenesis is a major objective in therapeutic revascularization, 18 and our findings suggest that endocardium has the potential, under pathophysiological conditions, to contribute to arteriogenesis. Arteriogenesis occurs via the development of pre-existing collateral vessels or by expansion and arterialization of the capillary bed. 20 Our genetic tracing analysis reveals that the endocardial flowers result from both pre-existing Cx40 + arterial endothelium and de novo arteriogenesis of Cx40 − cells. Vascular remodeling may also occur in response to endocardial damage at the time of infarct. However, endocardial flowers are present during a time window adapted for de novo arteriogenesis of the heart, equivalent to that of arteriogenesis in the ischemic limb after femoral artery ligation. 21 We observed a tip-cell phenotype in VEGFR2 + endocardial cells within endocardial flowers suggesting that angiogenesis precedes arteriogenesis. VEGFR2 is a recognized marker of tip cells during angiogenesis, which sprout from an endothelium and recruit proliferative stalk cells to form the new vessel. 2, 13 Highly proliferative endothelial cells are restricted to endoglin + cells at the flower edge, consistent with such a process. These data are supported by results from genetic tracing using AplnCreER showing active angiogenesis taking place after MI. 22 Our data reveal active angiogenesis of endocardial endothelial cells, followed by upregulation of Cx40 expression and proliferation of subendocardial SMCs suggesting that endocardial cells are predominantly destined to an arterial phenotype.
Endothelial cell plasticity between endocardium and coronary endothelium in the damaged adult heart seems to reflect the redeployment of developmental mechanisms. The embryonic endocardium originates from vascular endothelial progenitor cells and can form a vascular plexus by angiogenesis 7, 9 ; VEGF signaling plays an important role in promoting endocardial to coronary endothelial transition during development. 9 Understanding the molecular signals governing the switch in endothelial phenotype documented here in the adult heart post-MI will allow the identification of pathways promoting the formation of new vessels during cardiac repair and providing insights into normal coronary artery development. Our results thus identify endocardium as a source of coronary endothelial cells for strategies aimed to promote arteriogenesis under pathological conditions. Future analysis of how the endocardial to arterial endothelial switch is regulated will be of prime importance to optimize revascularization therapy.
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What Is Known?
• Neovascularization is essential for effective cardiac repair after myocardial ischemia.
• Endocardium is a source of coronary endothelial cells during development.
What New Information Does This Article Contribute?
• Foci of endocardial cells adopt an arterial endothelial phenotype after cardiac infarction and connect with coronary arterial stems.
• Extensive plasticity occurs between endocardial and coronary endothelial compartments in the postinfarct mouse heart. • Endocardial arterialization is redeployed under pathophysiological conditions, identifying the endocardium as a source of endothelial cells for neovascularization strategies.
In this work, we address mechanisms of revascularization after cardiac damage. We reveal, using fluorescent reporter alleles and genetic lineage tracing, that endothelial foci within the murine endocardium adopt an arterial phenotype after cardiac infarction. We present evidence that these structures, never described before, arise through arteriogenesis, revealing extensive endothelial cell plasticity between endocardial and coronary arterial compartments in the infarcted heart. Endocardial arterialization, recently shown to contribute extensively to coronary vascular endothelium during development, is thus redeployed in the adult heart after cardiac damage, identifying the endocardium as a source of endothelial cells for neovascularization strategies for cardiac repair. 
Supplemental Material Experimental animals
Whole-mount immunofluorescence
After heart recovery, dissection of the infarct zone was performed and maintained flattened in a petri dish using needles during fixation in paraformaldehyde (4% in 1X PBS) for 2 hours on ice. After 30min wash in PBS 1X, dissected infarcts were incubated in permeabilization solution (0.5% triton X-100 in PBS 1X) for 4 hours and blocked overnight in saturation buffer (3% BSA, 0.1% triton X-100 and PBS 1X). Incubations with primary or secondary antibodies stand for one week each in the saturation buffer. After four washes in PBS 1X/0.2% triton X-
